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Abstract: The biodegradation of crude oil is a consequence of the presence of a specific enzymatic
system in the microorganisms selected: the alkane hydroxylase (AlkH). The enzymatic biodegra-
dation has been described since 1994, when the enzyme was first isolated from P. putida (formerly
P. oleovorans), but the kinetics of microbial degradation has been weakly considered. We studied
and described in this work the kinetics of Arab Light biodegradation, a light crude oil used for
gasoline production (46.4% C7-C12 n-alkanes), using two oleophilic strains (Bacillus licheniformis
and Pseudomonas putida). Alkanes were extracted from aqueous solutions in the bioreactors by
dichloromethane, with a high ratio aqueous:organic volumes (1:0.2 mL) for the amplification of the
GC n-alkane signals, and GC spectra were monitored in time over 40 days. Petroleum emulsions were
visualized using optical microscopy as a result of biosurfactant segregation, which is necessary for
the enzymatic biodegradation of oil by microorganisms. Kinetic analysis in biodegradation of Arab
Light (total petroleum hydrocarbons, TPH) exhibits first-order kinetics with 0.098 d ! and 0.082 d !
as kinetic coefficients for 8.6 g/L initial crude oil concentration (30 °C), which results in degradation
rates of 843 mg/Ld and 705 mg/Ld in B. licheniformis and P. putida, respectively. These results can
be applied for oil spill bioremediation, using these microorganisms with the objective of removing
contamination by petroleum alkanes.
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1. Introduction

Crude oil is a complex mixture of organic compounds, aliphatic and aromatic hydro-
carbons, with the presence of high molecular weight asphaltenes (>C28) and condensed
aromatics [1]. In light crude oils such as Arab Light, used for gasoline production, the
presence of low molecular weight alkanes (C5-C16) is highly predominant, and the oil
is clearly a mixture of aliphatic hydrocarbons, cycloalkanes, and benzene-derived com-
pounds (toluene and xylene) [2]. In Arab Light, most of the components are n-alkanes and
methyl-n-alkanes (C5-C9), n-pentane, n-hexane, n-heptane, n-octane, and n-nonane [2,3]
are considered the predominant hydrocarbons in this light crude oil extracted in Saudi
Arabia, especially in the Ghawar huge field.

The ability of bacteria to degrade crude oil is a consequence of the capability to produce
the complex enzymatic system, which is characterized by an electron carrier-dependent
monooxygenase system (alkane hydroxylases, AlkH) [2,4]. This monooxygenase system
can be, for the degradation of C5-C10 alkanes, a rubredoxin-dependent enzyme or an alkane
hydroxylase containing cytochrome P450 monooxygenases. The rubredoxin-dependent
enzymes are located in the inner face of the cellular membrane, and the Cyt-P450 enzymes
are soluble in the cytoplasm. The first AlIkH was isolated from P. putida (formerly P.
oleovorans) and was a rubredoxin-dependent alkane hydroxylase [5].

The rubredoxin-dependent enzyme system is a diiron monooxygenase complex formed
by an electron transfer system considered to be divided into three components (Figure 1).
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The first component is an NADH/ rubredoxin reductase (AlkT) followed by a [2Fe-2S]
soluble rubredoxin (AlkG) and a diiron monooxygenase integrated into the cell membrane
(AlkB). This type of multicomponent enzyme system has been described widely in bac-
teria [4,6-9]. Alkane monooxygenase (AlkB) adopts the oxygen rebound mechanism to
hydroxylate alkanes C5-C16 preferably, as in other enzymatic systems, for example, soluble
methane monooxygenase (SMMO) for the degradation of methane by methanotrophs.
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Figure 1. Rubredoxin-dependent enzyme system, an electron transfer system of alkane monooxyge-
nase (AlkB-type). Based on [24].

Metabolism of hydrocarbons by microorganisms is considered a complex process
in which hydrocarbons, metabolically inactive molecules, are converted to more active
compounds for further catalysis [10]. In the first step, most commonly, n-alkanes are oxi-
dized by monooxygenases incorporating an oxygen atom from O, into the hydrocarbon
to form the corresponding alkan-1-ol (Figure 1) [2,4]. Although the enzymatic cascade
can be different depending on the microorganism and substrate, the final product from
hydrocarbon degradation is frequently similar, and the same enzymatic system can de-
grade different hydrocarbons because most of the alkane-degrading enzymes have a wide
substrate range [2]. The main reason for the difficulty in hydrocarbon degradation by
bacteria in aquatic systems is their low water solubility, resulting in slower metabolism of
high molecular weight hydrocarbons than low molecular weight hydrocarbons, which are
more soluble in water [2].

Although treatment of contamination by petroleum hydrocarbons is difficult and
laborious work [11,12], recently, an important number of bacteria genera isolated from
contaminated sites has been described for crude oil hydrocarbons degradation [9,13,14],
especially for C5-C10 n-alkanes, which seem to be more suitable for biodegradation [2,3,13].

Kinetic studies of crude oil degradation and hydrocarbons are scarce in the litera-
ture [15-17] and would help to a high extent to restore contaminated sites by hydrocarbons
and oil spills. Specific degradation rates and kinetic coefficients of bacteria quantify degra-
dation capacity and are the reference for choosing the adequate strain for the specific
substrates and environmental conditions. We will perform in this article a detailed study
of the kinetics of Arab Light oil degradation by two bacteria strains, which belong to the
Pseudomonas and Bacillus genera. The objective of this work is to obtain the values of the
degradation rates and kinetic coefficients for the ex situ biodegradation of the oil in stirring
and temperature-controlled bioreactors. The composition of petroleum will be studied
in depth, related to the biodegradation of the different fractions of n-alkanes, with the
objective of restoring sites contaminated by crude oil spills.
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2. Materials and Methods
2.1. Microorganisms and Enrichments

Two microorganisms, isolated in the laboratory and deposited in the Spanish Type
Culture Collection, with proven activity in crude oil degradation in previous experiments,
were used with Arab Light as substrate: Bacillus licheniformis (CECT 20) and Pseudomonas
putida (CECT 4614) [17-20]. Enrichments of these strains were cultured twice in agar plates
with crude oil (Arab Light, 1% v/v) as the only carbon source, Basal Minimum Medium
(BMM: 70 mg/L NaCl, 40 mg/L CaCl. HyO, and 40 mg/L MgSQO,. 7H,0), and pure agar
(12 g/L).

2.2. Analytical Methods
2.2.1. Crude Oil Characterization

Crude oil was characterized by GC-MS (Agilent 7890A coupled to Agilent MS220,
Santa Clara, CA, USA) in a VF5MS column (30 m x 0.25 mm x 0.25 m). Helium was the
carrier gas at 1 mL/min with a 20:1 split ratio, and the oven program started at 50 °C for
5 min, increased to 270 °C at 10 °C/min, and this temperature was finally held for 5 min
(total analysis time 32 min). The sample volume was 1 L.

2.2.2. Crude Oil Measurements

Arab Light concentration was measured using a GC-FID (Agilent 6890 N, Santa Clara,
CA, USA) with a capillary Wax column (BP20-SGE Analytical Science, 30 m x 0.25 mm x
0.25 m). Nitrogen was the carrier gas (flow rate 1.40 mL/min), and the FID detector was
set at 260 °C with 40 mL/min H; flow and 450 mL/min airflow. The GC oven temperature
program was fixed in accordance with the literature for crude oil analysis [16,17]. After
several attempts, the GC oven temperature program was adjusted for the best C7-C30
chromatogram results. The temperature program started at 50 °C for 2 min, increased to
260 °C at 7 °C/min, and this temperature was subsequently maintained for 2 min (total
analysis time 34 min). The sample volume used was 1 L, and the syringe was washed
10 times with the analyte before analysis. In between different samples, the syringe was
washed 5 times with dichloromethane (DCM).

2.3. Experimental Degradation Assays

Kinetics of oil degradation were performed with 1% v/v crude oil in Mineral Salt
Medium (MSMZ 2.2 g/L NaHPO4, 14 g/L KH2P04, 3 g/L (NH4)2SO4, 0.6 g/L MgSO4.7H20,
10 g/L NaCl, 0.01 g/L FeSO4.7H50, 0.02 g/L CaCly, pH = 7.9). This liquid medium was
selected instead of BMM because of the presence of nutrients (PO43~, NH;*, K*) and
Fe?*, which have been described to be necessary for the bacterial metabolism of hydrocar-
bons [1,16,21-23].

Experimental degradation was developed in 500 mL thermostatically controlled reac-
tors at 30 °C with magnetic stirring at 900 rpm (Figure 2). This temperature was selected
in the mesophilic range according to optimal growth temperatures for Pseudomonas and
Bacillus (especially P. putida). A total of 250 mL of MSM were introduced in each reactor,
inoculated with bacteria grown in crude oil agar plates. Initial crude oil concentration was
1% v/v (8.6 g/L, density 0.86 g/mL), and oil concentration was measured two times a week
by GC-FID, two replicates to assure reproducibility. A control experiment (without bacteria
inoculum) was also performed.
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Figure 2. Experimental setup for crude oil degradation in liquid media. Reactor (1) temperature is
controlled by a thermostat (2) and magnetically stirred (3). Liquid level in the reactor is half the value
(4) of the total volume: 500 mL, and crude oil concentration is fixed in 1% v/v. (a) Bacillus licheniformis
(CECT 20); (b) Pseudomonas putida (CECT 4614).

To evaluate oleophilic bacterial growth, optical density (OD) was measured in trip-
licate. Aqueous samples (1 mL) were taken directly from the bioreactor and mixed with
the extractor (dichloromethane, DCM) in the appropriate ratio (0.2-0.5 mL) for correct
amplification and detection of the signal by GC-FID.

2.4. Optical Microscopy Photographs

Optical microscopy (Leica DM 1000, 10X, and 100X) was used to visualize the forma-
tion of oil emulsions in water due to the presence of Bacillus licheniformis and Pseudomonas
putida after transferring 10 pL of sample to a slide directly from the bioreactors.

2.5. Crude Oil Biodegradation Kinetics

Crude oil biodegradation kinetics was assayed by first-order kinetics related to sub-
strate concentration:
r = —kS 1)

where r is the reaction rate, S substrate concentration and k the kinetic coefficient. Equation
(1) can be written in the differential form:

Being t the time and integrating by separated variables, where S, is the initial substrate
concentration:

as

o = kit @3)
S t

s _ i / it )
So S 0
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Equation (5) (logarithmic form) can be written in exponential form in Equation (6):
S = Spe M (6)

This is the expression for substrate (petroleum) concentration decay according to
first-order kinetics, in which the substrate (S) has been removed exponentially from the
initial concentration S,. Kinetic coefficient k is related directly to the amount of substrate
removed in time; it makes the degradation rate r increase (Equation (1)). Degradation
rate r is dependent on substrate concentration in Equation (1) and on the activity of the
microorganisms, especially temperature.

3. Results and Discussion
3.1. Crude Oil Characterization

Arab Light characterization by GC-MS (Figure 3) shows a high presence of aliphatic
hydrocarbons and isomers with a predominance of low molecular weight n-alkanes (C7-
C12), although the distribution of organic compounds ranges widely from C7 to C29. The
abundance of ramified isomers and some aromatics can be observed, especially below
C15. Over C22, the abundance of n-alkanes is reduced in this light o0il (<0.25%). In view
of these results about the composition of Arab Light, the kinetics of crude oil degradation
was focused on n-alkanes below C23, which represent 91.1% of the total content of C7-C29
alkanes in this crude oil.

Carbons| C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20
% weight[ 1.08 093 1.00 1.05 090 0.82 079 073 065 063 067 048 042 034
Carbons [ C21 C22 C23 C24 C25 C26 C27 C28 C29
% weight{ 036 027 023 023 018 018 017 0143 02

Figure 3. Arab Light characterization by GC-MS. The upper graph (red color spectrum) is the
standard for C7-C30 aliphatic hydrocarbons and the lower graph is the result of Arab Light charac-
terization (green color spectrum). C30 n-alkane is not shown in the standard (not detected in Arab
Light oil). The table below shows the composition in% weight of aliphatic hydrocarbons in this light
crude oil, with a majority of C7—C12 compounds (individual abundance > 0.80%). The percentage of
C7-C12 n-alkanes over the global percentage of C7—C29 aliphatic alkanes distribution is 46.4%.
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3.2. Sample Analysis: Extraction and Amplification

Calibration for crude oil analysis by GC-FID is shown in Figure 4a, in which a stan-
dard solution of C7-C30 alkanes was injected for alkanes identification, and signals of
C7-C10 have been enlarged for better visualization. Two solvents were present in the chro-
matograms of crude oil characterization, hexane (solvent of n-alkanes standard solution)
and DCM (extraction solvent of crude oil samples in water).
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Figure 4. Calibration of C7-C30 alkanes by GC-FID using Sigma-Aldrich standard (2000 g/mL,
2 g/L diluted 1:10 in DCM) in the upper chromatogram (a), with retention times of C7-C10 in detail.
Chromatograms showing amplification of the signal of the samples of crude oil (1% v/v, 8.6 g/L) in
the lower spectra (b): (aqueous sample volume) + (DCM organic extractor volume).

Due to the low solubility of oil in water, when crude oil biodegradation is monitored
in aqueous solutions, an extraction and detection method for alkanes by GC has to be
designed. Selection of the extraction solvent is very important [24], and it has to be not
highly volatile in order to be stable during the extraction procedure. In addition, to extract
analytes to a high extent and GC solvent signal has to not interfere with alkane peaks.
Several extracting solvents were investigated: methanol, isopropanol, pentane, hexane,
and dichloromethane (DCM), concluding DCM to be the appropriate solvent for crude oil
extraction and GC analysis of alkane samples [16,17].
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Due to the low concentration of oil in aqueous solution, an amplification of the
signals was designed for detection by GC. The amplification was based on the ratio of
aqueous:organic phases because increasing the ratio (reducing organic phase volume)
results in concentration of oil in the organic (extractor) phase. When the ratio was 5:1, 1 mL
aqueous sample was collected from bioreactors in a 5 mL glass bottle, and 0.2 mL DCM
was added to the sample and agitated several times for crude oil extraction (amplification
5). Before injection in the GC of the organic phase placed in the bottom of the glass bottle,
the sample was decanted for 15 min. Results are summarized in Figure 4b, in which
amplification 5 for crude oil concentration 8.6 g/L (1% v/v) appears to be adequate for the
detection of alkanes in water solutions for the concentration range used in this work.

3.3. Crude Oil Degradation

Crude oil degradation by the two strains (B. licheniformis and P. putida) was monitored
by GC measurements in the bioreactors. B. licheniformis showed much better degradation
for C7—C12 alkanes (Figure 5), a situation observed by other authors [15,25], while P. putida
seems to exhibit a broader range of alkanes degraded, maintaining a more regular profile
of n-alkanes removed in the GC spectra (Figure 6). In both cases, most alkanes disappear
after 30 days.
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40 C8 tn
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Figure 5. GC-FID chromatograms of Arab Light degradation by Bacillus licheniformis. C7-C12
aliphatic alkanes are quickly degraded. Residual signals in the last chromatogram (day 38) are not
significant in area value (<10 pA*s).
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Figure 6. GC-FID chromatograms of Arab Light degradation by Pseudomonas putida. Degradation of
C7-C12 aliphatic alkanes is lower during the first days of incubation compared to B. licheniformis.
Residual peaks in the last chromatogram (day 35) are not significant in area value (<10 pA*s).

It is remarkable, and visualized in Figures 5 and 6, at the end of the biodegradation
experiments (days 38 and 35 in Figures 5 and 6, respectively), that low molecular weight
(MW) n-alkanes (<C9) are still present in trace concentrations (<5 pA*s), while medium
MW n-alkanes (C10-C24), less volatile, disappeared for been degraded. This can be
explained because short-chain n-alkanes are cited to be toxic to many microorganisms [26],
including heptane, octane, and nonane, which is an important factor to be considered
in crude oil bioremediation by oleophilic microbes. C10-C18 n-alkanes seem to be the
most biodegradable hydrocarbons, not only in this work, because other authors consider
C18-C23 hydrocarbons difficult to be attacked by microorganisms [27,28]. In Figures 5
and 6, C21 n-alkane also appears as a recalcitrant hydrocarbon, difficult to be degraded.
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Although, as mentioned previously, the low solubility of oil in water is the main
difficulty for bacterial bioremediation of crude oil spills, some authors cited the ability to
produce biosurfactants by oil-degrading bacteria [18,22,24,29]. The formation of emulsions
in water is needed as a previous step for oil degradation [3,19,26,30-32], and biosurfactants
play an important role in favoring interaction between microorganisms and insoluble sub-
strate because diffusion limitation during substrate transport to the cell is overcome [33-35].
The formation of this emulsion can be visualized in Figure 7, in which microphotographs
of bacterial cultures from the bioreactors show oil emulsions in water as small spherical
yellowish drops in 100x captures. With this distribution of the oil spread in water, the
enzymatic system of oil degraders can act over alkanes and produce biodegradation.

Figure 7. Microphotographs of Bacillus licheniformis (a) and Pseudomonas putida (b) from the bioreactors
at 10X and 100X. Crude oil dispersions promoted by extracellular biosurfactants can be observed in
100X microphotographs.

3.4. Degradation Kinetics

Crude oil degradation kinetic data are very scarce in the literature, and normally it has
been expressed as a percentage of the oil biodegraded [15,17] or individual alkanes [11].
Some authors cited Monod kinetics and calculated kinetic parameters in crude oil biodegra-
dation [16]. A method to study crude oil biodegradation, due to the complex mixture of
hydrocarbons, is to monitor TPH (total petroleum hydrocarbons) as the sum of alkanes
measured [17,27,36].

Degradation kinetics of B. licheniformis and P. putida have been studied as TPH reduc-
tion over time in the bioreactors for 40 days. TPH was calculated as the sum of all peak
areas for the GC spectra C7-C23 during bacterial degradation and expressed in the concen-
tration of oil present in aqueous cultures (transferring initial TPH to initial concentration).
In Figure 8, a kinetic study of degradation curves has been performed, considering the
original decay of TPH concentration versus time to obtain TPH degradation rates for both
microorganisms. At the same time of oil degradation, optical density highly increases to
stabilization after day 20, when crude oil concentration decreases below 2 g /L.
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Figure 8. Kinetic curves of Arab Light degradation (measured as TPH) and optical density by Bacillus
licheniformis (a) and Pseudomonas putida (b). Error bars represent standard deviation (triplicates).
Control shows a weak growth of no oleophilic microorganisms (no TPH decay).

In accordance with Figure 8, both microorganisms exhibit an exponential relationship
between substrate and time (first-order kinetics, Equation (6)):

B. licheniformis ..... S =5.8 o—0-098 ¢t @)

P.putida ............. S =98¢ 0082¢ (8)

Recently, in several articles about ex situ individual hydrocarbons
biodegradation [37,38] and heavy crude oil [39] in soil and aqueous solution experiments
by Pseudomonas and Bacillus sp., a first-order kinetics has been observed, and for in situ
biodegradation of oil in soil and beaches, a first-order kinetics is actually accepted [40,41].

Degradation rates for both microorganisms can be written as follows, in accordance
with Equation (1) and for the corresponding kinetic coefficients obtained in Figure 8:

rB.licheniformis =—-0.098S..... (mg/Ld) (9)

Tpputidsa = —0.082S ... .. (mg/Ld) (10)

Although kinetic coefficients in both microorganisms are proximate, B. licheniformis
exhibits a higher potential for crude oil degradation (higher value of kinetic coefficient)
and could be more appropriate for bioremediation of petroleum spills in aqueous solutions
because a higher value of the kinetic coefficient k results in a higher degradation rate r.

In this work, the use of oleophilic microbes for biodegradation of Arab Light crude
oil reaches degradation rates of 843 mg/Ld and 705 mg/Ld in Bacillus licheniformis and
Pseudomonas putida, respectively. These values are obtained for the initial concentration of
crude oil, S, = 8.6 g/L (1% v/v, density of Arab Light 0.86 g/mL) expressed in mg/L in
Equations (9) and (10) and for the conditions of the experiments in the bioreactors at 30 °C
(negative values, degradation rates for crude oil removal).
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These microorganisms can be used effectively in ex situ bioremediation of crude oil
spills, and kinetic parameters are essential to project bioreactor size and the time range
in biodegradation assays. With Equations (9) or (10), depending on the microorganism
selected, and for the crude oil concentration S, degradation rates are obtained. Degradation
rate means the decrease in 0il concentration per unit of time; in Equations (9) and (10)
mg/Ld, depending on the amount of oil to be treated, reactor size can be projected in
accordance with the desired oil concentration in aqueous solution (e.g., 1% v/v). Time for
ex situ bioremediation is directly the initial concentration of petroleum divided by the
degradation rate.

4. Conclusions

B. licheniformis (CECT 20) and P. putida (CECT 4614) are two strains with the ability
to degrade Arab Light crude oil, which is used for the production of gasoline. These
microorganisms produce biosurfactants that can overcome the diffusion limitation of
insoluble oil during transport to the cell. Crude oil emulsions, as proof of biosurfactants
segregation, have been visualized in this article by optical microscopy at 100 X.

To follow TPH concentration by GC-FID during the biodegradation of oil in aqueous
solutions, an extracting and signal-amplifying method has been designed in this work. The
extracting solvent selected was dichloromethane, and the amplifying method designed
was the ratio aqueous:organic solutions, resulting in a ratio of 5 as the most adequate for
the oil concentrations analyzed.

The kinetics of Arab Light degradation by these two strains is described by a first-
order equation. Although both microorganisms have high degradation rates, B. licheniformis
exhibits better properties (higher value of kinetic coefficient) related to the bioremediation
of crude oil in aqueous solutions.
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Abbreviations

AlkH alkane hydroxylase

BMM  basal minimum medium
DCM dichloromethane

MSM mineral salt medium

MW molecular weight

sMMO  soluble monooxygenase

TPH total petroleum hydrocarbons



Water 2022, 14, 3802 12 0f 13

S substrate concentration (mg/L)
So initial substrate concentration (mg/L)
r degradation rate (mg/Ld)
k kinetic coefficient (d~1)
t time (d)
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